This report presents two cases of tooth autotransplantation using cone-beam computed tomography (CBCT), the three-dimensional (3D) simulation dental planning software and a computer-aided rapid prototyping (CARP) model. Two hopeless teeth of adult patients were replaced as their third molar teeth. Before deciding the autotransplantation, diagnostic CBCT images were acquired and imported to SimPlant software. The SimPlant dental program was used for surgical simulation prior to autotransplantation, which created 3D images of the available donor teeth and recipient site tooth and superimposed the images to display their morphological similarity. Efficient modification of the recipient socket was designed preoperatively. The CARP model of the donor tooth was prepared as a substitute for the donor tooth that would be fit into the new recipient socket during bone preparation. Autotransplantation was favourably performed in 5-6 min. Transplanted teeth healed up without clinical abnormality. The postoperative follow-up time was up to 6 years.
Introduction
Autotransplantation is defined as the transplantation of an embedded, impacted or erupted tooth from its original site to another extraction socket or surgically prepared site in the same individual (1) . As an autogenic biological approach, autotransplantation has numerous advantages compared with other treatment options (i.e., dental implants or fixed partial prostheses) that include greater resistance to occlusal loading, preservation of the periodontal ligament (PDL) and its proprioceptive function and maintenance of the surrounding bone (2, 3) . If a proper donor tooth and suitable recipient bony site are provided, autotransplantation is considered to be a viable option for replacing a missing tooth (4, 5) .
The success rate of autotransplantation procedures is influenced by the extra-alveolar time of donor tooth and the distance between the recipient site tissues and the donor root surface, which may significantly affect the viability of the periodontal ligament (PDL) cells of the donor tooth (6, 7) . Many previous studies have reported high success/survival rates of transplanted teeth with incomplete or complete root formation, which can be attributed to accumulation of biological knowledge and standardised technique for predictable prognosis (8) (9) (10) .
Recently, developments in cone beam computed tomography (CBCT) and 3D planning software, such as SimPlant (Dentsply Sirona, PA, USA), have enabled virtual simulation of the dental surgery. The first version of SimPlant was introduced for dental implant surgery in 1993, allowing the placement of virtual implants of exact dimensions, on CT images, in cross-sectional, axial and panoramic views. In 1999, SimPlant 6.0 was introduced, adding the creation of 3D reformatted image surface rendering to the software (11) . CT/CBCT images allow the dental surgeon to visualise 3D anatomy of patient's available bone, soft tissue, the exact location of the maxillary sinuses and other adjacent vital structures (12) . Once images are imported into software program, SimPlant, the clinician can virtually plan the placement of implants for an individual patient's anatomy and confirm implants' position within the bone, their proximity to adjacent teeth and vital structures before performing surgery (13) . The same software program can be used for autotransplantation prior to the surgery. Before autotransplantation, SimPlant enables the clinicians to assess the complete shapes of the available donor teeth and the anatomy of the recipient site. 3D superimposition of the donor tooth and the recipient site tooth can reveal their morphological discrepancies. This virtual simulation analysis allows the clinician to evaluate the compatibility of donor and recipient teeth and to predict the subsequent prognosis.
3D printing technology can be applied to autotransplantation as well as implant surgery, and has already done so. For implant surgery, the digital treatment plan is then uploaded to the manufacturer for fabrication of a surgical guide. The surgical guide is used, with implantspecific drilling instrumentation, to precisely place the implants in the same positions, depths and angulations as was planned virtually (14) . Autotransplantation also requires the fabrication of a surgical guide called a computer-aided rapid prototyping (CARP) model. The use of CARP model was demonstrated in a previous case report about autotransplantation (7) . A CARP model was used as an artificial donor tooth replica and was made with the aid of computed tomography (CT). 3D digital data were fed into a visualisation program and the exported to the rapid prototyping machine for fabrication of the actual sized tooth model. This rapid prototyping fabrication is one of 3D printing processes, for which the material can be either resin or starch (7) . While the recipient bone was being prepared, the CARP model was used for repeated fitting in the prepared bony socket in place of the real donor tooth. This process reduces the extra-oral time and the potential for periodontal ligament cell damage of the donor tooth (15) (16) (17) .
This report describes two cases of autotransplantation of a third molar via the use of CBCT, the 3D simulation dental-planning software SimPlant and a CARP model.
Report

Case 1
A 24-year-old female came to the dental department for cold sensitivity and spontaneous pain of upper left second molar (Fig. 1) . The maxillary left second molar was diagnosed with irreversible pulpitis due to distal caries, and endodontic treatment was initiated. However, the tooth decay involved the deep distal subgingival root surface, and canal negotiation failed. It was suggested that the tooth be extracted for a poor prognosis, and implantation or transplantation of the maxillary left third molar was considered for the missing tooth.
With the consent of the patient, CBCT images were acquired of the maxilla including the donor tooth and the recipient site. CBCT in this study is Volux system (Genoray, Seongnam, Republic of Korea), scan setting is 85kVp, 80 mA, 8.5 cm scan field and voxel size is 0.167 mm 3 . The CBCT evaluation suggested that autotransplantation of the third molar into the hopeless second molar site would be available rather than implantation including a sinus lift and bone graft. The scan volumes were exported from the Digital Imaging and Communications in Medicine (DICOM) format and imported into the SimPlant software. The maxillary left second and third molars were separated from the other teeth according to a pre-defined protocol (Fig. 2a) . Afterwards, to compare the 3D visual models of these teeth, the two images were superimposed, and a difference in volume was calculated with SimPlant ( Fig. 2b) . Threedimensional simulation surgery was performed in the SimPlant program, and this procedure involved several attempts at superimposition with the goal of selecting the optimal donor tooth and placing it in the closest proximity with the recipient tooth. The maxillary left third molar was selected for the donor tooth (Fig 2c) . The root shapes of the donor and the recipient site tooth exhibited such similarity that only 0.5-1 mm thickness differences were estimated at the distal and buccal regions of the recipient site (Fig. 2d) . We explained several treatment options, including autotransplantation, and each of their risks and benefits to the patient who then provided written informed consent for autotransplantation. An actualsize computer-aided rapid prototyping (CARP) model was fabricated using a visualisation program (V-works; Cybermed, Seoul, Korea) and a rapid prototyping machine.
Patient was given amoxicillin 625 mg and ibuprofen 500 mg 1 h before surgery. The left maxillary second molar was extracted first under local anaesthesia. The distal and buccal alveolar portions of the recipient site were prepped with a Lindermann drill (Kormet Dental, Lemgo, Germany) as calculated in SimPlant. The mesial and occlusal parts of the donor tooth crown were adjusted to prevent overloading on occlusion before the extractions were performed. The fitting trial of the replica RP model into the socket was repeated. The gentle pressure was put on the CARP model to provide a sufficient and suitable space for the donor tooth in socket. Because the donor was selected as the most similar tooth to the extracted tooth and the CARP model was fabricated in the same form and size as the donor tooth, only bone-compression using the CARP model could minimise bone drilling of the recipient socket. The left maxillary third molar was carefully extracted with forceps to minimise periodontal damage. Root-end resection, retrograde filling with MTA (ProRoot MTA, Dentsply Tulsa, PA, USA), and transplantation were performed in 5 min, 34 s. The extraction socket of third molar was filled by Teruplug (Terumo Corporation, Tokyo, Japan) and sutured, but we did not fix the transplanted tooth for good stability without clinical mobility (Fig. 3a) . The sutures were removed 7 days after surgery.
Three months after surgery and stitch removal, no sensitivity to percussion, no pathologic mobility and no symptoms of any inflammation appeared. One month later, a complete root canal treatment and a prosthetic procedure were performed. The last postoperative periapical view was collected 6 years after the surgery ( Fig. 3b) . Clinically, the probing depth and mobility were normal without any functional discomfort or any sign of root resorption.
Case 2
The second patient was a 48-year-old man. Clinical and radiographic examinations revealed caries in the left mandibular second molar, which had a C-shape root canal anatomy (Fig. 4) . Extraction was planned due to the hopeless prognosis. After the evaluation of CBCT images and the preoperative SimPlant simulation, the mandibular left third molar was eliminated as a candidate for the donor tooth because of its undesirable crown-root ratio. The maxillary left third molar was found to be the most suitable tooth for transplantation to the mandibular left recipient site. Because the bucco-lingual width of the maxillary tooth was wider than that of the recipient area in the mandible, a 90-degree rotation of the left maxillary third molar was suggested to avoid excessive alveolar bone preparation in the recipient site (Fig. 5a ). The shape and number of donor tooth canals were recognised by SimPlant program in advance. New cross-sectional images could be generated perpendicular to inclined third molar on the SimPlant program (Fig. 5b) . These sectional images are not the axial, coronal or sagittal planes that we have always seen. Accurate 3D analysis of root canal system could help the surgeons to perform root-end resection and retrograde filling of the donor tooth. Under local anaesthesia, mucoperiosteal flaps were raised, the mandibular left second molar was removed, and then the mandibular left third molar was extracted. The recipient site was reshaped as evaluated preoperatively in SimPlant using the CARP model. The maxillary left third molar was extracted with forceps to ensure the radicular periodontal tissues remained intact. The tooth immediately underwent root-end resection and MTA retrograde filling. The tooth was rotated, placed into the recipient site and stabilised with a crossover suture (Fig. 6a) . Extra-oral time was 3 min, 20 s. One week later, suture stitches were removed and the transplanted tooth revealed the good soft tissue healing with good stability.
Two weeks later, the root canal therapy of transplanted tooth was initiated, and one month later, the gutta percha cones were filled. After 2 months of follow-up, the transplant was functional without any discomfort and thus received a prosthetic treatment. The last periapical radiographs were taken at the 6-year follow-up (Fig. 6b) . Radiographic and clinical outcomes were considered satisfactory at the last recall.
Discussion
The success rate of autotransplantation is reported to be 81-95% in the currently available studies (3, 18, 19) . Despite its high success rate, autotransplantation is often not considered as a treatment option because of the complexity of the procedure, the sensitivity of the technique and the unpredictable prognosis. Control of the extraoral time is one the main factors related to the vitality of the periodontal ligament cells (15) (16) (17) . Multiple attempts to fit a donor tooth into the recipient bed not only extend the extra-oral time but can also result in damage to the periodontal healing of the transplants. As the extra-oral time increases, changes in the pH or osmotic pressure and dehydration disturb periodontal healing (10) . Mechanical damage to the PDL cells on the donor tooth's surface interrupt the reattachment to the socket wall. To overcome these problems during autotransplantation, Lee and other researchers (2001) made replica models of the recipient alveolar bone and the donor teeth (7). They fabricated the CARP models using CT images. The CARP model could reduce the extra-oral time and also minimise the damage of the periodontal ligament cells during fitting the donor tooth into the newly prepared socket to achieve a good fit. This CARP models used at their studies was reported to have an average of absolute error value, 0.291 mm with the real teeth (Lee SJ, 2005, unpublished data). As CBCT technology develops, Keightley et al. (2010) reported the successful autotransplantation case of impacted immature permanent teeth using the CBCT images and CARP model (20) . This CBCT can reduce the costs and radiation irradiation volume in comparison with spiral CT. Shahbazian et al. (2010) recently used SimPlant program for in vitro experiment, made stereolithographic apparatus (SLA) guidance for surgeons to show the way to apply to autotransplantation (21) . Additionally, they scanned the SLA model and real teeth, and then reported the errors of surface range within 0.25 mm. Rapid prototyping has been introduced in health care application lately when compared to its long-standing use in the manufacturing industries. In the last decades, rapid prototyping has been used in various medical applications including individual patient care; surgical planning, implant and tissue designing, research and as an educational and training tool (22) . In dentistry, CARP models have been mainly used as maxillofacial prostheses for craniofacial surgery (23) . CARP models support diagnostic, surgical planning and simulation, fabrication of personalised implants or maxillofacial prostheses and communication between clinicians and patient to improve comprehension, enhance adequate information about the case, and reduce the surgical period by 20% (23, 24) . In complicated cases, additional costs of rapid prototyping may be compensated by reduced operating times and higher success rate of the surgical procedure. As tooth autotransplantation require shorter operation time to minimise the damage of donor tooth, the application of CARP model can be helpful for the successful outcomes. Besides 3D printing, 3D dental planning software and computer-aided manufacture technology have been widely used for dental implant positioning. SimPlant is a common, computer-guided implant-planning software platform that is based on cone beam computerised tomography (CBCT) data and is used to visualise the patient's bony anatomy in three dimensions, evaluate the difficulty of the operation, and plan virtual dental implants or maxillofacial surgeries by producing a surgical guide. In our case reports, the use of SimPlant provided the clinician with the opportunity to simulate autotransplantation, which is considered rather technique sensitive, prior to the surgery. Repeated attempts to rotate and superimpose the donor tooth and the recipient site tooth to find the best fit can be performed in the SimPlant program. Using SimPlant, the amount of bone preparation and the optimal repositioning can be predicted in advance of surgery. When pre-surgery consultation with a patient is needed, SimPlant is a valuable tool for showing and explaining the procedure to the patient.
Implantation in the maxillary molar region often accompanies sinus augmentation due to pneumatisation and poor bone quality. However, as was demonstrated in the first case, autotransplantation can be a viable treatment option when there is an optimal donor tooth because autotransplantation does not require an extra bone graft and is less expensive than implants.
Based on the follow-up observations, our two cases of autotransplantation with maxillary third molars using the SimPlant software and CARP models resulted in favourable prognoses. The SimPlant software provided the clinician with 3D plans for autotransplantation and the ability to select the most appropriate donor tooth and predict the amount of required bone preparation, which therefore, enabled the optimal repositioning of the transplants. The CARP models reduced the extra-oral time and the potential for periodontal cell injury. In the management of compromised teeth, autotransplantation can be a viable option if the cases are selected and treated properly.
Conclusion
Selection of the optimal donor tooth and surgical procedure for reducing the damage of its periodontal ligament are essential for successful autotransplantation. Prior to autotransplantation, CBCT images and the 3D virtual simulation program helped recognise the risk anatomic structures, select the compatible donor tooth and predict the surgical process before surgery. During the autotransplantation, the anatomic knowledge by simulation and CARP model could reduce the extra-oral time and consequent damage to the periodontal ligament cells of donor teeth. The effective use of 3D technology can be helpful to improve the prognosis of autotransplantation.
